The strength of myocardial contraction is influenced directly and strongly by the intervals separating individual beats. The large number of studies on this phenomenon during the 95 years since its original recognition 1 have recently been reviewed. 2 Interval-dependent changes in the strength and time course of contraction result both from alterations in the duration of the active state and from changes in the degree of activation of the contractile element (shifts of the force-velocity curve). 2 Every activation of mammalian myocardium appears to leave behind two temporary changes in the muscle that have opposing effects on the degree of activation in subsequent beats. 2 ' 3 The extent of cumulation of both changes depends on rate and rhythm of contraction, and the interaction of their respective levels of cumulation can account for all interval-dependent variations in the degree of activation. 2 In ventricular heart muscle of most mammalian species the degree of activation and the rate of tension development in an isometric contraction increase steadily with frequency over the entire physiologic range. 2 ' 4 Deviation from regular rhythm changes contractile performance markedly even when the overall frequency of contraction remains constant. 2 Changes in contractile strength associated with premature beats were described 80 years ago 5 and have since been studied extensively. 2 ' 6 In mammalian ventricular muscle a premature contraction is weaker than the preceding beats. Following a premature beat several regular contractions are increased in strength, and this potentiation cumulates if the premature activations are continually repeat-ed. 7 " 1 " If every other activation of heart muscle is a very premature one, the mechanical result of these becomes negligible while contractility in the regular beats is greatly potentiated. Because of its possible clinical applications such sustained potentiation has recently attracted much attention. 11 " 18 Despite this renewed interest many questions concerning potentiation by premature activations remain unsettled. Among these are 1) the relationship between premature stimulus, propagated action potential, mechanical event and the potentiation of the regular beat; 2) the influence of the basal frequency of contraction and of the degree of prematurity on the extent of potentiation; 3) the question whether summation of contractions or increased release of endogenous norepinephrine play any role in potentiation by premature activations; and 4) the effect of premature activations on the resting length-tension relationship. During the past two years we have investigated these questions using isolated papillary muscles of young kittens, a tissue which is representative of the ventricular myocardium of most mammalian species including man. 2
• The strength of myocardial contraction is influenced directly and strongly by the intervals separating individual beats. The large number of studies on this phenomenon during the 95 years since its original recognition 1 have recently been reviewed. 2 Interval-dependent changes in the strength and time course of contraction result both from alterations in the duration of the active state and from changes in the degree of activation of the contractile element (shifts of the force-velocity curve). 2 Every activation of mammalian myocardium appears to leave behind two temporary changes in the muscle that have opposing effects on the degree of activation in subsequent beats. 2 ' 3 The extent of cumulation of both changes depends on rate and rhythm of contraction, and the interaction of their respective levels of cumulation can account for all interval-dependent variations in the degree of activation. 2 In ventricular heart muscle of most mammalian species the degree of activation and the rate of tension development in an isometric contraction increase steadily with frequency over the entire physiologic range. 2 ' 4 Deviation from regular rhythm changes contractile performance markedly even when the overall frequency of contraction remains constant. 2 Changes in contractile strength associated with premature beats were described 80 years ago 5 and have since been studied extensively. 2 ' 6 In mammalian ventricular muscle a premature contraction is weaker than the preceding beats. Following a premature beat several regular contractions are increased in strength, and this potentiation cumulates if the premature activations are continually repeat-From the Department of Pharmacology, Harvard Medical School, Boston, Massachusetts.
Supported by Grants HE-06664 and HE-08643 from the U. S. Public Health Service.
Accepted for publication September 7, 1965. ed. 7 " 1 " If every other activation of heart muscle is a very premature one, the mechanical result of these becomes negligible while contractility in the regular beats is greatly potentiated. Because of its possible clinical applications such sustained potentiation has recently attracted much attention. 11 " 18 Despite this renewed interest many questions concerning potentiation by premature activations remain unsettled. Among these are 1) the relationship between premature stimulus, propagated action potential, mechanical event and the potentiation of the regular beat; 2) the influence of the basal frequency of contraction and of the degree of prematurity on the extent of potentiation; 3) the question whether summation of contractions or increased release of endogenous norepinephrine play any role in potentiation by premature activations; and 4) the effect of premature activations on the resting length-tension relationship. During the past two years we have investigated these questions using isolated papillary muscles of young kittens, a tissue which is representative of the ventricular myocardium of most mammalian species including man. 2
Methods
Papillary muscles were obtained from the right ventricles of 30 kittens varying in weight from 360 to 830 g (median 580 g). Only papillary muscles of less than 0.6 mm 2 cross-sectional area were included in order to minimize inadequate oxygenation of the central fibers. 4 -19 Cross-sectional area was estimated on the basis of weight at the end of the experiment, assuming the muscle to be a cylinder with specific gravity of one. Length of the muscles was measured under the resting tension employed throughout the experiment and averaged 8 mm. Resting tension was maintained at about one-half of that initially determined in each muscle to be associated with maximum development of tension and varied between 100 and 300 mg depending on the crosssectional area of the preparation.
The animals were killed by a sharp blow on the skull and the hearts immediately removed. Each heart was dissected in oxygenated solution at room temperature. Suitable papillary muscles were removed together with a small button of adjacent ventricular wall and a short piece of chorda tendinea. The mural end of each muscle was fixed to a muscle holder by a stainless steel clamp, and the tendinous end was tied with a short silk thread to a wire extending upwards to a Statham transducer model G7B-0.75-350. Isometric mechanograms were recorded on a Sanborn model 964 oscillographic recording system equipped with model 350-1100B carrier preamplifiers. Maximum rate of development of tension, time to peak tension (from first development of tension) and relaxation time (from peaktension to 10% of peak tension) were measured from mechanograms recorded at paper speed of 100 mm/sec. All measurements were made after a steady state for the particular pattern of stimulation had been reached. Tension values were expressed as gram weight/ mm 2 cross-sectional area in order to eliminate variation resulting only from differences in muscle size. Bipolar electrograms were obtained from the tendinous end of the muscles through needle electrodes and were recorded on the same recording system with model 350-3200ECG preamplifiers.
The muscles were suspended in 50 ml of a bicarbonate-buffered physiologic salt solution whose composition has been previously described. 20 The solution was continuously oxygenated and stirred by passage of finely divided bubbles of a mixture of 95% O 2 and 5% CO.. After equilibration with this mixture the pH was 7.4. The solution was maintained at a temperature of 37.5°C.
The preparations were quiescent unless excited electrically. Electrical stimuli were delivered either through two punctate platinum electrodes contacting the surface of the muscle just above the point of clamping or through two platinum electrodes coursing along the whole length of the muscle. The stimuli were derived from a constant current pulse amplifier (Argonaut LRA 046) triggered by a specially designed unit based on Tektronix pulse and wave form generators. Stimuli consisted of rectangular pulses of 2 msec duration and of an amplitude 10 to 20% above the resting threshold of each preparation (0.13 to 0.30 ma). Only when the effect of electrical release of endogenous norepinephrine was studied were stimuli of five times threshold intensity used.
Throughout this paper "regular contractions" designate beats at a "basal frequency" before introduction of premature stimuli. "Extra-activation" describes the result of a premature stimulus if this elicits a propagated action potential. (Such
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an extra-activation may or may not produce an "extrasystole.") "Overall frequency" refers to the total number of activations per minute, i.e., regular contractions and extra-activations. "Prematurity interval" is the interval separating a premature stimulus from the preceding regular stimulus.
Results

POTENTIATION BY PREMATURE EXTRA-ACTIVATIONS
Under the conditions of these experiments premature activations which potentiate the strength of the regular contractions invariably manifest themselves by a detectable mechanical event. If a premature stimulus elicits a propagated action potential the depolarization, no matter how premature, always activates the contractile element sufficiently for obvious changes in external tension development to appear. Whenever premature stimuli cause propagated action potentials and their resulting mechanical manifestations, they also increase the strength of the regular contractions. Conversely, premature stimuli which fail to produce potentiation never elicit propagated action potentials or activations of the contractile element. This association of the occurrence of premature action potentials and contractile events on the one hand and of potentiation on the other was without exception in hundreds of observations.
If one extra-activation is placed into every interval between regular beats of a papillary muscle, the strength of the regular contractions is increased ( fig. 1 ). Extra-activations placed midway between the regular beats obviously introduce no dysrhythmia, they simply double the rate. They alter contractility according to the frequency-strength relationship 4 and illustrate frequency potentiation rather than prematurity potentiation.
When the extra-activations are placed closer to the preceding than to the following beat the contractile effects of a regular dysrhythmia appear. The strength of the regular beats increases with prematurity of the intercalated activations over a wide range, but it always reaches a maximum and then declines ( fig. 1 ). In this preparation and at this basal frequency the prematurity interval which resulted in maximum potentiation of the regular beats Effect of continually repeated extra-activations of varying prematurity on isometric contractions of kitten papillary muscle. Basal frequency 100 contractions/'min. Numbers indicate intervals in msec between regular stimuli and premature stimuli. Stimulus placement shown by vertical marks below panels. Recording speed: strip 2.5 mm/sec, panels 100 mm/sec.
(optimum interval for potentiation) was 187 msec. The shortest prematurity interval which still permitted activation of the muscle (minimum interval for potentiation) was 162 msec. In no preparation did these two intervals ever coincide (see below). Most commonly, maximum potentiation of the regular beats occurred close to the shortest prematurity interval at which the extra-activation still produced an increase in developed tension rather than a mere slowing of relaxation ( fig. 1 ). When the extra stimuli were so premature that they no longer elicited propagated action potentials the regular beats developed the same tension as in the absence of premature stimuli ( fig. 1 ). Upon cessation of premature activations the strength of contraction always returned to the level characteristic of the basal frequency; no depression of contractility after potentiation 11 was ever observed.
It has been stated in the past that the sum of the strengths of premature beats and potentiated beats tends to equal that of regular beats at the same overall frequency. 21 " 23 In the cat papillary muscle this occurs only fortuitously. In general the sum of peak developed tensions in two successive contractions increases with prematurity up to the optimum interval, but the exact relationship varies also with the basal frequency. In any case, the "strength" of the premature contraction has little meaning once high-grade fusion occurs and is meaningless when a premature activation no longer reverses relaxation.
EFFECT OF THE BASAL FREQUENCY OF CONTRACTION
The amount of potentiation by premature extra-activations and the relationship between prematurity and degree of potentiation varies greatly with the basal frequency of contraction ( fig. 2 ). When a single extra-activation is placed into every interval the maximum increase of the strength of contraction of the regular beats is greatest at intermediate frequencies; it falls off when the basal frequency is higher than 60 beats/min. The rightmost point on each curve in figure 2 shows the effect of doubling the regular frequency; only the increase above this point reflects prematurity potentiation. At all basal frequencies potentiation initially increases with prematurity but declines at extremely short prematurity intervals. There is a considerable range of prematurity intervals around the optimum over which potentiation is fairly constant; at all but the highest basal frequencies this range is 40 msec or more. Both the optimum and the minimum interval for potentiation become steadily shorter the higher the basal frequency.
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With the exception of basal frequencies of 10 and 30 beats/min potentiation is no greater when two or more extra-activations are placed into each interval than with one extra-activation of optimal prematurity. The greater increase with more than one extra-activation at low basal frequencies is largely due to increased frequency potentiation. At very low rates of contraction the premature beats rather than the regular contraction may be potentiated.
The maximum potentiation obtainable through premature extra-activations appears to be related to the strength of contraction in the absence of potentiation ( fig. 3 ). Tension development in the absence of premature activations increases with the basal frequency of contraction from 10 to 150/ min. Prematurity potentiation tends to raise the peak developed tension to the same high level over a wide range of frequencies ( fig. 3 ). At the basal frequencies of 10 or 30 beats/min the same level can be reached by placing more than the one extra-activation into each interval. Tension development with maximum prematurity potentiation is slightly less at the basal frequency of 150 contractions/min. At this frequency further increases in rate have little positive inotropic effect 4 and the interval between two regular contractions is so short that an extraactivation cannot be placed much earlier than midway between them. It is apparent that potentiation with premature activations can more than compensate for large decreases in the basal frequency of contraction. Tension development at the basal frequency of 30 beats/min potentiated by one extra-activation of optimum prematurity per interval exceeds tension development at the basal frequency of 150 beats/min. All data presented here were obtained from muscles isolated recently enough so that their contractility remained unimpaired. Approximately two to three hours after isolation tension development by regularly spaced contractions begins to decrease slowly. In contrast, the maximally potentiated tension development remains almost constant. Thus, the increase in developed tension produced by premature extra-activations increases gradually with time after isolation. In muscles whose nonpotentiated tension development has declined significantly, potentiation by premature extraactivations may increase the strength of contraction by as much as 3OO3S.
EFFECT ON TIME COURSE OF CONTRACTION
The peak tension developed in an isometric contraction of heart muscle depends on both the degree of activation of the contractile element and on the time course of the active state. The former is reflected in the maximum rate of tension development, the latter in the time to peak tension and in die relaxation time. 24 The relaxation time cannot be accurately estimated when the mechanical manifestation of the premature extra-activation becomes fused with the preceding regular contraction. All data in figure 4 are therefore derived from beats preceded by continual extra-activations but not followed by an extra-activation. Such beats are, of course, fully potentiated. The effect on peak developed tension of doubling the frequency of contraction from 60 to 120/ min results from a considerable increase in the rate of development of tension and occurs despite an appreciable decrease in the time to peak tension ( fig. 4 ). Frequency potentiation in the cat papillary muscle always takes place because the increase in the degree of activation more than compensates for the decrease in the duration of the active state. 2 ' 4 In contrast, increasing the prematurity of the extra-activations does not appreciably change the time to peak tension or the relaxation time of the regular beats ( fig. 4 ). The maximum rate of tension development, on the other hand, increases with prematurity until the optimum prematurity interval is reached and then declines; its changes are fully reflected in the peak developed tension ( fig. 4 ). Prematurity potentiation results entirely from an increased degree of activation of the contractile element.
OPTIMUM PREMATURITY INTERVAL FOR POTENTIATION
The exact relationship between the optimum interval for potentiation (OIP) and the minimum interval for potentiation (MIP) depends on how the latter is determined. The refractory period of heart muscle and thus the MIP decrease with increasing frequency of depolarization. At any basal frequency of contraction the MIP may be determined either by moving the effective premature stimuli progressively closer to the regular beats until the latter are no longer potentiated (method I), or by gradually moving excessively premature stimuli away from the preceding regular beats until potentiation first appears (method II). At the same basal frequency of regular contractions the overall frequency of activation is obviously twice as high during method I as during method II. Not surprisingly the MIP is always considerably shorter when method I is used. Method I would seem to be more useful, because it measures the MIP at that frequency of activation which one plans to sustain. The MIP determined by method II no longer reflects the true state as soon as the first premature action potential has appeared. Furthermore, the situation at this point is often unstable because some of the premature stimuli elicit a propagated action potential while others of the same prematurity do not.
The effect of the overall frequency of activation on the MIP determined by method I and on the OIP is shown in figure 5 . Both decrease as the overall frequency of activation increases, most sharply in the range of 120 to 200 activations/min. Over a wide range the difference between OIP and MIP remains approximately 30 msec, but at the highest frequencies it approaches 20 msec. In marked contrast the MIP determined by method II is never much shorter than the OIP. In cat papillary muscles both OIP and MIP increase slowly with time after isolation, particularly at low frequencies of activation. All values given were obtained from muscles isolated less than two hours.
TIME COURSE OF DEVELOPMENT AND DISAPPEARANCE
When premature extra-activations are placed into each interval separating regular contractions the tension developed by the latter 
Contribution of rate and rhythm to potentiation of contractility by extra-activations. Isometric contractions of kitten papillary muscle, basal frequency 60 beats/min, recording speed 2.5 mm/sec. Numbers indicate intervals in seconds between successive stimuli.
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the first beat after the change ( fig. 6C ). This illustrates again that so-called "postextrasystolic potentiation" is a combination of frequency potentiation and prematurity potentiation and that the two can be separated.
SUMMATION OF CONTRACTIONS
It has been stated repeatedly that fusion or summation of contractions contributes to the potentiation of contractility by premature extra-activations. 15 ' 10 Fusion of premature contractions with regular contractions occurs readily at sufficiently short prematurity intervals ( fig. 1 ), but the resulting greater area under the tension curve of the regular contractions does not represent potentiation. Simple fusion does not alter the peak tension nor the maximum rate of tension development. Summation of contractions, which can increase the peak developed tension, is often seen A transiently when premature extra-activations are first introduced ( fig. 7A ). At physiologic temperatures it always disappears within a few beats as the duration of the regular contractions shortens in response to the higher overall frequency. During this decrease in the duration of the regular contractions, which occurs over several beats after an increase in the overall frequency, the take-off of the premature contraction falls progressively later on the descending limb of the regular contraction (figs. 6A and 7A). Under hypothermic conditions more complete fusion occurs and summation may persist because cooling prolongs the duration of the active state. 24 Figure 7B shows another effect of premature extra-activations; a change in the resting length-tension relationship. In this muscle of
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Effects of extra-activations on kitten papillary muscle. 
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fixed resting length, introduction of continual premature extra-activations decreased resting tension by 13%. This change begins after the first premature activation (i.e., before the first potentiated contraction) and reaches its full extent over several beats. It is fully reversed on cessation of the premature activations. This increase in resting compliance of the muscle was a regular finding with premature extra-activations, but it was not seen when extra-activations merely doubled the frequency of contraction.
CONDUCTION AND LATENCY
The delivery of stimuli of barely suprathreshold intensity either through punctate electrodes or through mass electrodes coursing the length of the muscle made no detectable difference in any finding thus far described. It is therefore unlikely that conduction changes or incomplete activation of the muscle contributed appreciably. The latent periods separating stimuli from action potentials and from first detectable tension development in the regular beats were not measurably altered by changes in the prematurity of the extraactivations.
ROLE OF NOREPINEPHRINE RELEASE
Prematurity potentiation per se is clearly not due to norepinephrine release since it is not altered by effective blocking concentrations of propranolol ( fig. 8 ). However, when stimuli of intensity much above resting threshold are employed to excite isolated papillary muscles, each stimulus releases norepinephrine from sympathetic nerve endings in the myocardium. 24 ' 25 This in turn causes marked increases in the peak developed tension and, since the time to peak tension is decreased, even greater increases in the rate of tension development ( fig. 8 ). Electrorelease of norepinephrine increases contractility even under conditions of maximum potentiation by premature extraactivations ( fig. 8 ).
Unfortunately in many past studies stimuli of such high intensity have been used to elicit extra-activations that the observed changes in contractility must have been partly due to increased norepinephrine release. Apart 
Influence of intensity of stimulation on potentiation of contractility by premature extra-activations. Isometric contractions of kitten papillary muscle. Basal frequency 100 contractions/min. *: stimulation of barely supra-threshold intensity; m: high-intensity stimulation (5 times threshold); a: high-intensity stimulation 1 hr after addition of 10~aM propranolol. Abscissa: intervals between regular stimuli and premature stimuli; no prematurity interval indicates basal frequency; no propagated action potential at prematurity interval of ISO msec.
from the effects of prematurity, under conditions of high-intensity stimulation the introduction of continual extra-activations increases the strength of the regular contractions through frequency potentiation and increased norepinephrine release. The increase from A to B in figure 8 results from frequency potentiation, C to E from increased norepinephrine release, and C to D from both. Thus (B -A) + (E -C) should equal ( D -C ) and this is indeed the case. The increase from C to E shows that high-intensity stimuli increase contractility even if they are too premature to elicit a propagated action potential. Norepinephrine release also leads to shortening of the refractory period and thus of the MIP ( fig. 8 ) and to shortening of the duration of contraction and therefore to decreased fusion at any given prematurity interval. All the effects of norepinephrine release by stimuli of excessive intensity can be abolished by 10- 6 seen in papillary muscles from kittens pretreated with 1 mg of reserpine per kg 24 hr prior to isolation of the muscles.
Discussion
It must be emphasized that the findings of this study apply only to ventricular myocardium of most mammalian species. They are not necessarily valid for ventricular muscle of species with atypical interval-strength relationships such as the rat, for atrial myocardium, or for nonmammalian myocardium. 2 For example, in frog ventricular muscle a premature activation potentiates the next regular contraction only at low (suboptimal) basal rates. 2 Lack of potentiation at superoptimal basal frequencies is seen in one of the first recordings of frog heart beats. 26 The influence of the interval between beats on contractility is also highly dependent on the ionic environment 2 and on temperature. 24 Potentiation by premature activations has often been studied at unphysiologic temperatures; such findings cannot simply be extrapolated to normothermic conditions because cooling has disproportionate effects on the electrical and mechanical properties of heart muscle which are involved in the interval-strength relationship. 24 Finally, it is clear that results from isolated myocardium, particularly those concerning the effects of prematurity on latency and conduction, may not be wholly applicable to the intact heart with its large muscle mass and complex conduction system. Our use of the term "premature activation potentiation" rather than "postextrasystolic potentiation" 8 requires explanation. The expression "postextrasystolic potentiation" is derived from a venerable verbal creation, 27 but it is quite misleading in its emphasis on the mechanical event. 6 No contraction which can be described as an "extrasystole" is necessary for potentiation of the regular beat ( fig. 1) . What is required is merely a propagated action potential and probably the intracellular changes associated with activation of the contractile element. It is the occurrence of a premature activation process rather than any resulting mechanical response of the muscle which leads to potentiation of subsequent Circulation Research, Vol. Will, March 1966 beats. The word "post" appears redundant when describing a cause-effect relationship and misleading when referring to potentiation by continually repeated extra-activations. "Potentiation" has been used for decades to describe increases in contractility which are the direct result of changes in rate or rhythm; 2 as suggested by Katz, 12 it seems useful to reserve "augmentation" for increases in contractility which result from interval-dependent changes in initial fiber length or in afterload.
Continual premature activations may be placed in three ways: a premature activation may be intercalated into each interval between regular beats (type I); each premature activation may be followed by a fixed interval which may or may not be the regular interval (type II); each premature activation may be followed by a fully compensatory interval (type III). There is nothing fundamentally different about these dysrhythmias, but some characteristics must be borne in mind. Only in type I is the premature activation a "true" extra-activation. Only in type II is the interval between the premature activation and the following regular beat independent of the prematurity of the former. Only in type III does the overall frequency of activation remain constant. None of these methods is "more correct" than the others; each of them can be reproduced in the intact circulation depending on the type and site of stimulation and on the original heart rate.
The introduction of intercalated extraactivations used in this study always doubles the overall frequency of activation. The increase in the strength of the regular contractions thus represents the combined effects of the increase in frequency of activation (frequency potentiation) and of the prematurity of the extra-activations (prematurity potentiation). The two types of potentiation are easily separated by determining the effect of extra-activations placed midway between two regular beats, i.e., by simply doubling the regular rate of contraction. According to our system of analysis of the interval-strength relationship 2 the degree of activation and strength of contraction of typical mammalian ventricular muscle increases with each increase in the frequency of regular activations because the additional cumulation of the positive inotropie effect of activation (PIE A) always exceeds that of the negative effect (NIEA). Under steady-state conditions at any regular frequency of activation, amounts of PIEA and of NIEA equal to those produced by each beat, decay during each interval between beats. Each beat produces more NIEA than PIEA, but the NIEA decays much more rapidly. Premature beats encounter more of both effects than regular beats, but the additional NIEA predominates and the premature beats are therefore weaker than the regular beats. During the longer intervals preceding the regular beats the additional PIEA becomes predominant, so that their strength is increased. It has not yet been possible to establish whether a premature beat produces more PIEA or less NIEA than a regular beat.
In any case it seems clear that frequency potentiation and prematurity potentiation should be distinguished. The rate of their appearance after introduction of continual premature extra-activations differs: frequency potentiation requires many beats to reach a steady state; prematurity potentiation is virtually complete with the first potentiated contraction. Apparently frequency potentiation and prematurity potentiation correspond to slow potentiation and fast potentiation in the terminology of Kruta and Braveny. 29 It has been stated recently that "a sufficiently early extrasystole may propagate as a wave of electrical excitation over the heart and yet give rise to little or no mechanical response." 0 However, most recent studies agree with the present finding that under normal circuminstances a propagated action potential invariably leads to activation of the contractile element. This activation always manifests itself by a detectable mechanical event, though this may be no more than a prolongation of the relaxation phase of the preceding contraction. It is also clear that after an extra stimulus too premature to elicit a propagated action potential there is no potentiation of the subsequent contraction; thus potentiation can be used to determine the effective refractory period.
Since propagated action potentials always lead to activation of the contractile element, one cannot be sure which of the two events is responsible for potentiation of the subsequent beats. The mere occurrence of depolarization or repolarization may suffice to produce potentiation, on the other hand the process of activation or the events leading to relaxation may be the essential factor. Recent evidence indicates that the negative inotropie effect of a preceding beat, and thus the weakness of a premature beat, may stem from changes associated with membrane repolarization or with the relaxation process. 17 Only further elucidation of the nature of excitationcontraction coupling in heart muscle can answer these questions.
The present study confirms that potentiation increases markedly with prematurity of continual extra-activations. However, the optimum prematurity interval always exceeds the minimum interval by a significant amount. This finding is in agreement with a previous study of the cat papillary muscle 21 and with results from atrial myocardium, 28 ' 29 but it conflicts with the generally held view. 11 " 14 The view that potentiation increases indefinitely with prematurity of the extra-activations may have arisen for several reasons: 1) determination of the minimum interval for potentiation by gradually decreasing the prematurity of the stimulus (see results, method II); 2) extrapolation from studies in which only single premature activations were used; 3) studies done at low temperatures which prolong the refractory period. Finally it is possible that the relation between prematurity and extent of potentiation seen in isolated heart muscle differs from that in the intact heart.
If maximum potentiation occurs with prematurity intervals significantly longer than the minimum interval for potentiation it would be wrong, when aiming for the greatest strength of contraction, to place the premature stimuli as closely as possible to the end of the refractory period. Placement on the relative plateau surrounding the optimum interval ( fig. 2 would be satisfactory. Prematurity intervals slightly shorter than the optimum might be advantageous in order to increase the portion of each cycle during which no tension is developed.
There are obvious limits to a purely descriptive analysis of interval-strength phenomena. The mechanism through which the intervals between activations influence contractility has not been established. However, there is increasing evidence that the positive inotropic effect of increases in the overall frequency of activation of heart muscle stems from an increased influx of calcium into the cell and greater availability of Ca ++ inside the cell, perhaps most significantly in the sarcotubular system. 2 ' 17> 30~33 It seems probable that in addition to the total Ca ++ available its distribution in relation to the contractile element at the time of depolarization is important for the intensity of the contractile response. Very likely, excitation-contraction coupling and the events leading to relaxation involve changes in the concentration of free calcium ion in the immediate vicinity of the myofilaments. Possibly a premature activation alters the regular beat-to-beat availability of calcium in the myofilament region increasing it at the specific site critical for activation, perhaps by diminishing the changes associated with normal relaxation. It would not be surprising if changes in local availability of calcium occurred more rapidly than alterations in the overall calcium content of the cell. One might also expect such changes in localization to have relatively little effect on the degree of activation when much Ca ++ is already available throughout the cell as in the presence of high frequencies of contraction or of high extracellular calcium concentrations. 2 ' 10 ' IT Obviously this hypothesis remains speculative because of our incomplete understanding of excitation-contraction coupling in heart muscle.
The increase in resting compliance which occurred regularly under conditions of premature extra-activation has not been observed previously in isolated heart muscle. 15 It confirms the clear demonstration of this Circulation Reiearcb, Vol. XV111, March 1966 phenomenon in the intact heart. 14 ' 1S The cause of the change in the resting length-tension relationship and its relation to potentiation are unknown. It is interesting that its time course of development differs from that of prematurity potentiation. No changes in diastolic compliance are found after changes in extracellular Ca +t concentration which produce positive inotropic effects of the same degree as those seen with continual premature activations (unpublished observations).
The possible clinical applications of potentiation by premature activations are being studied intensively. Whatever its ultimate role, it is clear that with this artificial dysrhythmia the strength of the effective contractions can be increased greatly even when the effective heart rate is simultaneously reduced to a much lower level.
Summary
Introduction of a premature activation into each interval between regular contractions of isolated kitten papillary muscles greatly increases isometric tension development. This premature extra-activation potentiation is a manifestation of the interval-strength relationship of ventricular myocardium and results both from the increase in the overall frequency of activation (frequency potentiation) and from the prematurity of the extra-activations (prematurity potentiation).
A premature electrical stimulus which elicits a propagated action potential is always followed by a mechanically apparent activation of the contractile element. Potentiation of the regular contractions follows from the occurrence of premature, propagated action potentials, and/or the resulting activation processes. It does not depend on the extent to which the contractile element can respond to the premature activation.
Prematurity potentiation results solely from an increase in the degree of activation of the contractile element. It increases over a wide range with the prematurity of the extraactivation but always decreases when the prematurity interval approaches the refractory period closely. The extent of prematurity potentiation varies with the basal frequency of contraction; it tends to raise tension development to the same high level whatever the basal frequency. Although nonpotentiated strength of contraction increases greatly with frequency, potentiated contractions at low frequencies are stronger than nonpotentiated contractions at high frequencies.
At normal temperature summation of contractions plays no role in prematurity potentiation. Similarly, release of endogenous norepinephrine is not involved, but such release does occur and interferes with the study of potentiation when high-intensity stimuli are used. Premature activations may transiently alter the concentration of available Ca ++ in an intracellular site critical for activation of the contractile element.
